INTRODUCTION
A major effort is under way in the U.S. to develop agents that could be used to mitigate and/or treat radiation injuries in the event of a radiological terrorism incident (1) . In this context, mitigation refers to therapies begun after irradiation but before there is clinical evidence of injury, whereas treatment refers to therapies begun after there is such evidence (2) . We have previously shown that angiotensin converting enzyme inhibitors (ACEIs) and an angiotensin II type-1 receptor blocker (ARB) could be used to mitigate radiationinduced renal injury (3, 4) . However, these previous results are not directly applicable to the development of agents for the mitigation of injuries caused by terrorismrelated radiation exposure because the ARB we had been using, L-158,809 (5), was not approved for human use, we had used the ACEIs at doses above those commonly used in humans, and we had shown efficacy only after fractionated irradiation. As part of an effort to develop an animal model and an experimental protocol that would fit the requirements of the U.S. Food and Drug Administration (FDA) ''Animal Efficacy Rule'' (6, 7), we designed and conducted new studies that used an FDA-approved ACEI (captopril) or an FDA-approved ARB (losartan, CozaarH) given after a single total-body irradiation (TBI) at drug doses that are equivalent (on a g/m 2 /day basis) to the doses prescribed to humans. We then examined the merits of a wide range of methods for quantifying the relative efficacy of the agents.
MATERIALS AND METHODS

Rat Syngeneic Bone Marrow Transplant (BMT) Model
Single-dose total-body radiation regimens were used to cause radiation nephropathy (8, 9) . This syndrome is characterized by proteinuria, azotemia and progressive hypertension that leads to renal failure as early as 15 weeks after TBI (8, 9) . The studies were performed in syngeneic WAG/RijCmcr rats that were bred and housed in a moderate-security barrier. The animals were free of Mycoplasma pulmonis, Pseudomonas and common rat viruses. No antibiotics or immunosuppressive drugs were used. The rats were maintained in the Biomedical Resource Center of the Medical College of Wisconsin, which is fully accredited by the American Association of Accreditation of Laboratory Animal Care. The animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC).
Seven-to 8-week-old male rats underwent TBI given as a single dose at a dose rate of 1.95 Gy/min. Irradiation was done with a 300 kVp orthovoltage source with a half-value layer of 1.4 mm copper; the radiation dosimetry is described in detail in Cohen et al. (10) . For irradiation, unanesthetized rats were immobilized in a specially constructed jig (8) . Within 24 h after TBI, the rats received a BMT from a syngeneic donor (8) .
Experimental Design
Radiation doses of 7.8, 8.9, 10, 11.1, 12.2 or 13.3 Gy were used. The lower dose limit was set at 7.8 Gy because doses appreciably below this do not produce significant renal injury within 26 weeks (8) . The upper dose was set at 13.3 Gy because higher doses cause acute gastrointestinal mortality (8) . After irradiation, animals were randomized to receive no further treatment, captopril in the drinking water at 150 mg/liter, or losartan in the drinking water at 100 mg/liter; the 7.8-Gy dose was used only for animals receiving no further treatment, and the 13.3-Gy dose was used only for animals receiving captopril or losartan. There were six animals in all groups except the 10-Gy captopril-treated group, where only five animals were available. Drug therapy was begun at 10 days after irradiation and was continued for 26 weeks. The start of therapy was delayed because in a mass-casualty situation it is unlikely that therapies could be started immediately. In addition, prior experimental studies have shown that such a delay has no impact on the efficacy of mitigation (11) and, in fact, that the use of captopril only in the days immediately before or after irradiation is ineffective (12) . Drug therapy was stopped at 6 months for two reasons. First, if a human subject did not develop renal injury after irradiation, drug therapy would not be continued indefinitely; second, we know from prior animal studies that if a mitigation agent does not work after 6 months of therapy, it is not going to work for longer treatments (12) . The resulting schedule closely resembles the way in which captopril was used to mitigate radiation injuries in humans receiving TBI in preparation for BMT (13) .
Captopril was obtained in USP grade from Sigma-Aldrich (St. Louis, MO); pharmaceutical-grade losartan (CozaarH) was a gift from Merck & Co (Rahway, NJ). The drug doses were chosen to match, on a mg/m 2 /day basis, those commonly used in humans for treatment of hypertension, kidney disease and heart disease. For captopril, a typical adult human dose is 75-150 mg/day or 45-90 mg/m 2 /day; captopril in the drinking water at 150 mg/liter delivers 70-90 mg/m 2 /day to a rat, or about 17 mg/kg/day. For losartan, a typical adult human dose is 50-100 mg/day; a rat dose of 100 mg/liter in drinking water will deliver an equivalent dose (11 mg/kg/day) on a mg/m 2 /day basis.
Monitoring the Development of Radiation Nephropathy
Animals were monitored daily. Development of azotemia (as BUN) was assessed for up to 47 weeks after TBI, and animals who were moribund or whose blood urea nitrogen (BUN) exceeded 120 mg/dl were euthanized. The BUN .120 mg/dl criterion for euthanasia was based on negotiations with the IACUC, which had decided that our previous criteria for euthanasia were no longer satisfactory (see the Results for further discussion of the euthanasia criteria). The study was terminated after 47 weeks because the number of survivors was too low to justify further follow-up. BUN, urine protein and urine creatinine were determined for all animals at 17, 26 and 47 weeks using commercial kits (14) ; additional BUN determinations were done if animals were moribund and at intermediate times for animals that had high BUN at a prior check. Urine protein excretion is expressed as the ratio of urine protein to urine creatinine (UP/UC) in the same urine sample; this is done to account for the known urine-concentrating defect that occurs in renal radiation injury and to normalize for animal size differences. Systolic blood pressure (BP) was measured at 17, 26 and 47 weeks with a tail cuff (IITC Life Science Inc., Woodland Hills, CA). Animals were conditioned to the apparatus and the reported BP was the average of readings on three consecutive days.
In the 13.3-Gy groups, nine animals were lost to acute GI toxicity or pneumonitis by 10 weeks, and these groups were excluded from further analysis. Three other animals died without high BUN and were also excluded from further analysis; they were all in TBI-alone groups, one 7.8-Gy animal at 2 weeks, one 8.9-Gy animal at 7 weeks, and one 12.2-Gy animal at 1 day.
Statistical Methods
Depending on the type of data analyzed, three different methods were used to calculate dose-modifying factors (DMFs). Where the end point was a real number and there were no missing data (e.g., time to renal failure at doses where all animals developed renal failure), a linear regression technique was used (15) that is mathematically equivalent to that used to derive hypoxic fractions from paired survival curve data (16) . Parallel dose-response curves (log dose as the independent variable and end point as the dependent variable) were fitted to the raw data by linear regression and tested for goodness of fit by assessing whether there were deviations from linearity and parallelism. The horizontal difference between the parallel curves, log (DMF), and the 95% confidence interval on this difference were then derived by linear regression analysis.
Where the end point was a real number but data were missing because some animals had already been euthanized for high BUN (e.g., BUN after 47 weeks of follow-up), the nonparametric method of Kellerer and Brenot (17) was used. In this procedure all animals that had been euthanized for high BUN were assigned an outcome more severe than that for any survivor.
Where the end point was quantal (i.e., incidence of renal failure), probit analysis (18) was used to calculate DMFs using a technique that is mathematically equivalent to that used to derive hypoxic fractions from paired tumor control data (16) . Curves (log dose as the independent variable and incidence as the dependent variable) were fitted to the raw data by probit analysis and tested for goodness of fit by assessing whether there were deviations from linearity and parallelism. The horizontal difference between the parallel curves, log (DMF), and the 95% confidence interval on this difference were then derived by probit analysis.
Correlations were analyzed with the Kendall rank correlation test.
RESULTS
Development of a Clinically Relevant End Point for Radiation Nephropathy
The FDA Animal Efficacy Rule (6) requires that the end points in an animal model be ''clearly related to the desired benefit in humans, generally the enhancement of survival or prevention of major morbidity.'' In this case, the objective is to prevent, or at least delay, radiationinduced renal failure. In previous studies with the rat radiation nephropathy model we defined renal failure as ''uremia'' (19) or as ''lethargy, dehydration and severe azotemia'' (20) . These definitions have a subjective component, and they require a degree of morbidity that our current IACUC requires us to avoid. We reevaluated animals from several previous studies (14, 19, 20 ) and found that a BUN level greater than 120 mg/dl was always followed by ''renal failure'' (Fig. 1) . More precisely, 41 of 44 animals with BUN $ 120 mg/dl had developed renal failure within 8.5 weeks (median of 5.3 weeks) of the BUN measurement, and all had developed renal failure within 13 weeks. This relationship was valid regardless of whether the animals had received TBI alone or were treated with an effective mitigator (Fig. 1) . Based on this analysis we now define renal failure as development of BUN $ 120 mg/dl. Time to renal failure is based on logarithmic interpolation between the last BUN , 120 mg/dl and the first BUN $ 120 mg/dl.
Effect of Captopril and Losartan on Development of TBIInduced Renal Failure
Total-body irradiation at doses of 8.9 Gy and above caused renal failure in animals by 41 weeks after irradiation if no mitigation therapy was used (Fig. 2) . Both captopril (17 mg/kg/day) and losartan (11 mg/kg/ day), when used in a mitigation regimen (drug started 10 days after TBI and continued for 26 weeks), delayed renal failure by 10-30 weeks (Fig. 2 ). DMFs were calculated using both linear regression analysis and by probit analysis, because each technique has theoretical advantages and disadvantages.
DMFs were calculated by applying linear regression analysis to all groups in which all animals developed renal failure; this meant excluding the 7.8-Gy TBI-alone group, the captopril group at 8.9 Gy, and the losartan groups at 8.9 and 10 Gy. The DMFs (with 95% confidence intervals) were 1.23 for captopril and 1.21 for losartan (Table 1) . When the captopril and losartan groups are compared to each other, there is no statistically significant difference between the efficacy of these two agents ( Table 1) .
The linear regression technique gives tight confidence intervals (Table 1) but requires exclusion of some data because time to renal failure in some animals was indeterminate (i.e., greater than 47 weeks). To avoid such exclusion, DMFs were also calculated on the basis of whether renal failure had occurred prior to a specific follow-up time. This was done by probit analysis, which does not exclude any groups as long as a follow-up time is picked prior to any data censoring (i.e., prior to 47 weeks in these studies). This calculation can be done at any follow-up time at which there are at least two dose groups in each schedule with failure rates that are neither 0 nor 100%; for these studies, this means 23-41 weeks. For follow-up of less than 23 weeks, there were not enough failures in the captopril and losartan groups to allow a DMF calculation, whereas after 41 weeks, there were not enough survivors in the TBIalone group. DMF calculations were done for five different follow-up times from 23 to 41 weeks (Fig. 3 , Table 1 ). The DMF for captopril ranged from 1.29 at 23 weeks to 1.14 at 41 weeks, while for losartan it ranged from 1.25 at 23 weeks to 1.16 at 31 weeks. There were no significant trends in DMF with follow-up time; however, the confidence intervals were narrower for follow-up times with overall failure rates close to 50% (e.g., 26 weeks, Fig. 3 ). All DMFs were statistically significant, and in no case was there a significant difference between captopril and losartan ( Table 1 ). The DMFs derived by probit analysis of failure rates are similar to those derived by regression analysis of time to renal failure, but the confidence intervals are wider ( Table 1) .
Effect of Captopril and Losartan on Development of TBIInduced Azotemia
We also evaluated whether there were surrogate measures of radiation nephropathy that could be used to evaluate mitigation efficacy after shorter follow-up times. The primary surrogate end point evaluated was azotemia (BUN), because azotemia after irradiation is tightly correlated with the probability of eventual renal failure (Fig. 1) , and it is closely correlated with the degree of histopathological renal injury (21) . BUN was measured in all surviving animals at 17, 26 and 37 weeks (14) . Open circles show medians and ranges (minimum-maximum) for groups of animals (n 5 20) that received TBI alone or TBI plus ineffective mitigators (i.e., low-salt diets, verapamil); closed circles are for individual animals that were given effective mitigators (i.e., captopril, enalapril, high-salt diet). Up-arrows indicate that some animals in the group had not developed azotemia sufficient to require euthanasia after more than 23 weeks of further follow-up. BUN was measured between 17 and 47 weeks after irradiation.
FIG. 2.
Time to reach BUN $ 120 mg/dl as a function of totalbody radiation dose. Data are shown as medians and ranges (minimum-maximum, n 5 5-6 per group) for animals receiving TBI alone ( N ), TBI plus captopril at 17 mg/kg/day (#), or TBI plus losartan at 11 mg/kg/day (%). Drug therapy started 10 days after TBI and continued for 26 weeks. Up-arrows indicate that some animals in the group had still not reached 120 mg/dl after 47 weeks. At 8.9 Gy, four of six animals in the captopril group and three of six animals in the losartan group had still not reached 120 mg/dl after 47 weeks. (Fig. 4) were available for all animals at doses below 12.2 Gy, and the DMFs calculated by regression analysis were 1.25 for captopril and 1.15 for losartan ( Table 1 ). The captopril DMF derived from BUN analysis after 17 weeks of follow-up was slightly higher than that derived from analysis of the renal failure data, and the losartan DMF was slightly lower; in addition, by BUN analysis after 17 weeks of follow-up, captopril had a significantly higher DMF than losartan (Table 1) . By 26 weeks, the amount of missing data (because animals had developed renal failure) was large enough that regression analysis could not be used. However, the nonparametric method of Keller and Brenot (17) could be applied to the 26-and 37-week BUN data. The resulting DMFs were compatible with those derived from the 17-week data, but the confidence intervals were much wider ( Table 1 ). The relative lack of power of the nonparametric procedure was obvious when it was applied to the BUN analysis after 17 weeks of follow-up (Table 1) ; while the DMF values for the two analytical methods were similar, the nonparametric method gave wider confidence intervals and did not detect a significant difference between the two agents (Table 1) . 
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Effect of Captopril and Losartan on Development of TBIInduced Hypertension and Proteinuria
We also evaluated hypertension and proteinuria as surrogate measures of radiation nephropathy. Blood pressure (BP) and proteinuria (as UP/UC) were measured in all surviving animals at 17 weeks after irradiation. BP and UP/UC values were available for all animals at doses below 12.2 Gy. The hypertension DMFs calculated by regression analysis were 1.35 for captopril and 1.29 for losartan; the DMFs for captopril and losartan were not significantly different (Table 1) . For proteinuria, the DMFs calculated by regression analysis were 1.42 for captopril and 1.14 for losartan, and the DMF for captopril was significantly higher than that for losartan (Table 1) . Nonparametric analysis of BP and UP/UC at later times gave very wide confidence intervals (data not shown).
Summary of DMF Studies
The most robust and relevant method of measuring the DMF was time to renal failure, with DMFs of 1.23 for captopril and 1.21 for losartan (Table 1 ). DMFs based on the incidence of renal failure were of similar magnitude to those based on time to renal failure (1.14-1.29) but had wider confidence intervals ( Table 1) . The surrogate end points (azotemia, proteinuria, hypertension) gave an even wider range of DMFs (Table 1 ), but they were broadly compatible with the DMFs based on renal failure. For surrogate measures, the narrowest confidence intervals were for azotemia but only if analysis was done prior to appreciable loss of animals from renal failure. Regardless of the end point or method of analysis, all DMFs were statistically significant at P , 0.05; with two exceptions (Table 1) , none showed a difference between captopril and losartan.
DISCUSSION
The studies described here take us part of the way toward a ''pivotal study''(6) of the efficacy of an ACEI (captopril) or an ARB (losartan, CozaarH) for the mitigation of the radiation nephropathy that could be caused by a radiation accident or a radiological terrorism incident. The two agents are FDA-approved for clinical use and were tested in these studies at doses equivalent (on a g/m 2 /day basis) to the doses prescribed to humans. The radiation was delivered in a single dose and efficacy was demonstrated for end points (e.g., azotemia and renal failure) of direct relevance to the prevention of radiation nephropathy in humans.
For our primary end point, time to renal failure, DMFs of 1.21-1.23 were found. To illustrate the impact that such a DMF would have on a population with a range of radiation doses, we have plotted renal failure incidence curves for all animals treated with doses between 8.9 and 12.2 Gy (Fig. 5 ). For these animals captopril mitigation increased median survival from 23.5 weeks to 31 weeks and losartan mitigation increased it to 33 weeks. Perhaps more importantly, there were 12 long-term survivors in the groups that received mitigators compared to none in the animals not receiving therapy, and half of these long-term survivors still had BUN less than 75 mg/dl when the study was terminated after 47 weeks. Based on previous studies with fractionated irradiation (22) , higher doses of ACEIs and ARBs would give substantially higher DMFs and even more long-term survivors.
An ACEI was chosen for this study because of prior data showing that these drugs can mitigate a wide range of experimental radiation injuries (4) and because these agents are very well tolerated and safe in clinical use (23, 24) , including use in patients who are not hypertensive (25, 26) . Captopril was specifically chosen because it has been tested prospectively as a mitigator in radiation oncology patients. A Radiation Therapy Oncology (RTOG) trial of captopril mitigation after irradiation for lung cancer (27) did not accrue enough patients to assess efficacy, but it did accrue enough to show the absence of enhanced toxicity (28) . A trial of captopril to mitigate toxicity in patients who received high-dose total-body radiation (14 Gy in nine fractions) in preparation for bone marrow transplantation showed both safety and efficacy (13) .
An ARB was chosen for this study to help establish that the efficacy of captopril was due to its suppression of the renin-angiotensin system (29) . In humans, the ARBs have few side effects and are generally well (30, 31) . Losartan was specifically chosen because it was the most common ARB in use in the clinic and the laboratory at the time these studies were initiated.
One issue posed by the ''Animal Efficacy Rule'' (6) is that for ACEIs and ARBs to be effective for mitigation in the rat they must be given for at least 3-6 weeks (12). The ACEIs and ARBs are given to the rats in drinking water, but humans generally take these agents by mouth. If the FDA does not consider agents in drinking water to be equivalent to agents taken in tablet form, then animals would have to be given pills or gavaged daily for perhaps 6 weeks; this is impractical. The counterargument is that we know that delivering ACEIs or ARBs to rats in drinking water suppresses the renin-angiotensin system [e.g., they lower the BP (14) , they increase plasma renin activity (32) , and they increase urinary AcSDKP 2 (33) ]. The model (single-dose, high-dose-rate, total-body exposure of unanesthetized animals) was designed to mimic exposure to a nuclear device or a high-dose-rate source; it may not be as relevant to low-dose-rate exposures (e.g., from environmental or food contamination). The relevance of the model to radiological terrorism scenarios could also be questioned because of the BMT and the relatively high radiation doses ($7.8 Gy). We know that BMT in this model can be replaced with leg shielding without affecting the progression of renal injury, so that aspect of the model can be changed. Lower radiation doses can also be used, but much longer follow-up times (.12 months) would be required to get life-threatening renal dysfunction. In any case, the dose-response curves (Figs. 3 and 4) show no indication that the efficacy of captopril or losartan is decreased at the lower radiation doses.
The FDA ''Animal Efficacy Rule'' (6) also requires that testing be done in a model ''expected to react with a response predictive for humans.'' This model of radiation nephropathy after TBI is pathophysiologically analogous to the radiation nephropathy that occurs in humans after TBI (34, 35) , and the 10-Gy single-fraction dose in these studies is identical to the dose reported to cause TBI-related radiation nephropathy in children (36) and adults (37) . This rat model has also predicted the efficacy of ACEIs and ARBs for treatment of renal injury in patients receiving TBI (4) , and the success of mitigation with captopril in the model was our major justification for the successful test of captopril to mitigate chronic renal failure after BMT in humans (26) .
Finally, the FDA ''Animal Efficacy Rule'' (6) requires ''a reasonably well-understood pathophysiological mechanism'' for the efficacy of the agent. It is now clear that suppression of the renin-angiotensin system can account for the efficacy of both ACEIs and ARBs for mitigation of radiation nephropathy (4, 33) . All effective mitigators of radiation nephropathy [ARBs (4, 33) , ACEIs (4, 33) and a high-salt diet (20) ] suppress the renin-angiotensin system, whereas infusion of excess AII makes radiation nephropathy worse (38) . Antihypertensive agents that work via mechanisms other than suppression of the renin-angiotensin system are not effective mitigators (39) . Other actions of ACEIs [i.e., on the aldosterone, AcSDKP and angiotensin (1-7) pathways] have largely been ruled out by other experimental studies (33) , and involvement of the AcSDKP and bradykinin pathways has largely been ruled out by the demonstration that ACEIs and ARBs are equally effective as mitigators.
These studies demonstrate that experimental radiation nephropathy in a realistic rodent model can be mitigated with relevant doses of FDA-approved ACEIs or ARBs and create a gold standard to which other proposed mitigators of late effects can be compared. The studies also lay the necessary groundwork for pivotal rodent studies under the FDA Animal Efficacy Rule (6) and provide an outline of how the FDA-required largeanimal studies could be designed. 
